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Abstract Introduction The P300 auditory evoked potential is a long-latency cortical potential
evoked with auditory stimulation, which provides information on neural mechanisms
underlying the central auditory processing.

Objectives To identify and gather scientific evidence regarding the P300 in adult
cochlear implant (Cl) users.

Data Synthesis A total of 87 articles, 20 of which were selected for this study, were
identified and exported to the Rayyan search software. Those 20 articles did not propose a
homogeneous methodology, which made comparison more difficult. Most articles (60%) in
this review compare Cl users with typical hearing people, showing prolonged P300 latency
in Cl users. Among the studies, 35% show that Cl users present a smaller P300 amplitude.
Another variable is the influence of the kind of stimulus used to elicit P300, which was
prolonged in 30% of the studies that used pure tone stimuli, 10% of the studies that used
pure tone and speech stimuli, and 60% of the studies that used speech stimuli.
Conclusion This review has contributed with evidence that shows the importance of
applying a controlled P300 protocol to diagnose and monitor Cl users. Regardless of the
stimuli used to elicit P300, we noticed a pattern in the increase in latency and decrease
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= auditory evoked
potential

= cochlear implant

= electrophysiology in amplitude in Cl users. The user’s experience with the Cl speech processor over time
= neuronal plasticity and the speech test results seem to be related to the P300 latency and amplitude
= audiology measurements.

received DOI https://doi.org/ © 2022. Fundacao Otorrinolaringologia. All rights reserved.

April 11, 2021 10.1055/s-0042-1744172. This is an open access article published by Thieme under the terms of the

accepted after revision ISSN 1809-9777. Creative Commons Attribution-NonDerivative-NonCommercial-License,

January 23, 2022 permitting copying and reproduction so long as the original work is given
appropriate credit. Contents may not be used for commercial purposes, or
adapted, remixed, transformed or built upon. (https://creativecommons.org/
licenses/by-nc-nd[4.0/)

Thieme Revinter Publica¢oes Ltda., Rua do Matoso 170, Rio de
Janeiro, RJ, CEP 20270-135, Brazil


https://orcid.org/0000-0001-5892-1783.
https://orcid.org/0000-0002-7150-3807.
https://orcid.org/0000-0003-3349-2075.
https://orcid.org/0000-0003-2749-2394
https://orcid.org/0000-0003-3441-5709.
https://orcid.org/0000-0001-9688-782X.
https://orcid.org/0000-0002-5152-5881.
mailto:stella_arantes@yahoo.com
mailto:mariastella_amaral@alumni.usp.br
https://doi.org/10.1055/s-0042-1744172
https://doi.org/10.1055/s-0042-1744172

P300 in Cochlear implants Amaral et al.

Introduction

The P300 auditory evoked potential is a long-latency cortical
potential evoked with auditory stimulation. It is obtained by
recording and mediating stimulus responses picked up with
electrodes placed on the skull surface next to where the
responses are generated. It distinguishes the rare auditory
stimuli from the frequent ones, known as the oddball para-
digm.l'2 In normal-hearing adults, this potential appears
approximately 300 milliseconds after the stimulus is pre-
sented, with positive voltage and amplitude between 5 and
20 pvolts.3~®

Event-related potentials, evoked with auditory stimuli,
provide information on neural mechanisms underlying au-
ditory processing. This results from the person’s response to
the task of distinguishing the target stimuli from the pattern
ones.’” The P300 is an objective and non-invasive technique to
further study the auditory nervous system.g‘10

The P300 is recorded in a sequence of peaks with nega-
tive-positive-negative-positive polarity (N1-P2-N2-P3).
The literature also describes the existence of P300 recorded
with two peaks, subcomponents P3a and P3b. The P3a occurs
earlier, at approximately 240 milliseconds, related to the
awareness process, getting automatic and involuntary atten-
tion."! It probably occurs automatically in response to the
great differences in stimuli and does not vary with the task
required. Recent studies have demonstrated, with a contin-
uous performance task, the decision-making neural deter-
minants in the intertarget interval. They also showed that the
lowest pretarget levels were associated with faster reac-
tions.'? Meanwhile, the P3b occurs later, at approximately
350 milliseconds, and only when the person is actively
distinguishing the stimuli.!>14

The task proposed by the evaluator may affect the P300
recording due to the complexity of the activity requested; for
example, counting mentally, lifting a finger, or pressing a
button when the rare stimulus is identified.’'?

The P300 can be measured in subjects with hearing loss as
long as they can detect rare stimuli among the frequent ones. It
can be used to monitor individuals with hearing loss who are
undergoing rehabilitation, since studies have shown decreased
P300 latency after rehabilitation therapy, highlighting those
subjects’ cognitive improvement.m'17 Studies show a direct
association between hearing loss and impaired cognitive
capacity, which may be related to the degree of hearing loss,
resulting in longer N1, N2, and P300 latencies.'®

The changes in the auditory function recorded with an
electrophysiological assessment of the auditory system have
been addressed in the literature. Subjects with auditory
deprivation, even after a long period of time, can have their
auditory capacities restored with electrical stimulation via
the cochlear implant (CI).

It is important to highlight the consensus in the literature
regarding the relationship between auditory deprivation and
cognitive function loss. This is particularly due to the deficit
in the afferent auditory system, related to the auditory
capacities, attention, memory, and decision-making, all of
which are identified in the recordings of the long-latency

auditory potentials, with longer latencies registered when
the P300 results are compared between subjects with and
without hearing loss.'®~%!

The use of CI in people with hearing loss has been quite
often employed as a resource in the rehabilitation process
because it restores auditory input, giving access to speech
sounds. Some authors have shown that it is possible to
achieve P300 potential in CI users,?? while others have
presented studies in CI users with different oddball para-
digms: tone-burst at different frequencies,?>~3* speech stim-
uli with various contrasting sounds,>~3° even music to
assess the subjects’ cortical function,* and both pure tone
and speech stimuli.*"#?

This review study is relevant because it aims to under-
stand the relationships between these measures and the
possibilities of monitoring the cortical responses with the
new auditory input. Hence, it can aid in decision-making,
intervention planning, and in the guidance and instruction of
patients and family members.

Review of the Literature

Material and Methods

Considering the potential clinical applicability of P300 as a
tool to monitor neuronal plasticity in CI hearing rehabilita-
tion, our study raised the question of how the P300 is used to
track CI rehabilitation, based on the scoping review PCC
(Population, Concept, and Context) acronym.*> We previous-
ly defined the acronym as P: adult subjects with postlingual
hearing loss, C: CI surgery, and C: the P300 examination. To
answer the question, our objective was to analyze the P300
latency and amplitude values in CI users who were adults
with postlingual hearing loss.

Methodological Framework
The methodological approach of this study was based on the
Joanna Brigs Institute (JBI) for Scoping Reviews.*?

Type of Study

This is a scoping review, a specific type of systematic review
which aims to map relevant scientific production in a certain
field - in this case, the medical field. The research question
approached the current evidence in the literature regarding
P300 amplitude and latency with speech and pure tone
(tone-burst) stimuli, and its clinical applicability to CI users.
Thus, we searched for controlled and non-controlled terms
identified in the Medical Subject Headings (MeSH), the
National Library of Medicine (NLM), and the Health Science
Descriptors (DeCS).

We developed the search strategy with the PCC (Popula-
tion - postlingual adults; Concept - CI surgery; Context —
P300 result comparison) structure** and searched for origi-
nal articles in the following databases: PubMed/Medline,
EMBASE, LILACS, and Web of Science, according to their
criteria and manuals. The words used as descriptors in the
search are shown in =Table 1.

The research strategy was standardized for all databases,
making adjustments when necessary. The files were
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OR P3 Event-Related Potentials OR Event-Related Potential, P3 OR P3 Event Related
P3b OR P3b Event Related Potentials OR P3b Event-Related Potential OR P3a Event-
Related Potentials OR Event-Related Potential, P3a OR Event-Related Potentials,

P3a OR P3a Event Related Potentials OR P3a Event-Related Potential
Event-Related Potentials, P300 OR Potenciales Relacionados con Evento P300 OR

Event-Related Potentials, P300 [Mesh] OR Event Related Potentials, P300 OR Event-
Related Potential, P300 OR P300 Event-Related Potential OR P300 Component OR
P300 Components OR Event-Related Potentials, P3 OR Event Related Potentials, P3
OR P300 Event-Related Potentials OR P300 Event Related Potentials OR P3b Event-
Related Potentials OR Event-Related Potential, P3b OR Event-Related Potentials,
Potencial Evocado P300 OR Componente P300 de Potencial Evocado

Context

®
§ PubMed: 26 Lilacs:0 Web of Science:3 Embase: 58
8

[

®
2 Selected studies: 71
g
&
]

[

®

Full studies evaluated according to

E elegibility criteria: 21
o
g

[
a ®
§ Primary studies included in the
g analysis: 20

[

Fig. 1 Flowchart of study identification, selection, and inclusion in

Prosthesis, Cochlear OR Auditory Prosthesis OR | Potentials OR P3 Event-Related Potential OR Evoked Potentials, P300 Component

Auditory Prostheses OR Prostheses, Auditory OR

Prosthesis, Auditory
Cochlear Implantation OR Implantacién Coclear

OR Implante Coclear OR Implantagdo Coclear

Cochlear OR Cochlear Prosthesis OR Cochlear
OR Implante de Prétese Coclear

Cochlear Implants [Mesh] OR Implants,
Cochlear OR Cochlear Implant OR Implant,
Prostheses OR Prostheses, Cochlear OR

Concept

the scoping review.

exported to the EndNote (Clarivate Analytics. Philadelphia,
PA, USA) reference manager, version X5, to remove the
duplicates. Then, a new file was created and exported to
Rayyan (Rayyan Systems Inc. Cambridge, MA, USA) software,
a specific tool to select studies in review methods.*®

The selection criteria were as follows: studies in Portu-
guese, Spanish, and English; published between Janu-
ary 1991 and May 2018; approaching adult subjects with
postlingual hearing loss, who had been submitted to CI
surgery and were tested with P300. The following were
excluded: case reports, reviews, articles in press, letters to
the editor, and studies in languages in which the researchers
are not fluent.

OR post-linguals OR
Cochlear Implantation
OR Implantacién

post-lingual
Coclear OR Implante

Coclear OR

Population
Adult [Mesh] OR Adults

Strategy

The flowchart (=Fig. 1) shows the process of identifying,
selecting, and including primary studies, retrieved from the
databases regardless of the level of evidence.

Two reviewers selected the studies independently, fol-
lowing the previously established inclusion and exclusion
criteria. In the first phase, they read the titles and abstracts
and excluded the articles that did not meet the criteria. The
reviewers met to solve divergencies by consensus. In

OR Implante de Prétese

Implantagdo Coclear
Coclear

PubMed, Web of Science,

Database
EMBASE
LILACS

Table 1 Cross-check data from PubMed/Medline, EMBASE, LILACS, Web of Science.

the second phase, texts were fully read, excluding those
that did not meet the criteria. The interrater reliability was
set at 90%. In case of disagreement, a third reviewer was
invited.

A standardized sheet was used to extract data that char-
acterized each study (author, year, methodological aspects,
and main results), the type of stimulus they used, and the
P300 measurements. Descriptive data analysis was used to
present the results. They were organized in tables with the
synthesis of the studies, searching for answers in each
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article’s latency and amplitude measurements, variables,
and parameters. The data were reported based on the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA).*®

Results

A total of 87 articles were selected in the Rayyan software:
58 from EMBASE, 26 from PubMed, and three from the Web
of Science; none was retrieved from LILACS. Of those
87 articles, 16 were excluded for being duplicates. Another
50 were excluded from the remaining 71 articles after
reading their title, authors, year, and abstract. Finally, one
article was excluded for not including P300 testing. Hence,
the final sample comprised 20 articles.

Among the 20 selected articles, 3 were published in 2004,
and one each in 2018, 2016, 2015, 2012, 2007, 1999, 1998,
1997, 1996 (E1-E20, =Table 2).23742 All the studies were
published in English: 19 in international journals and only
one in a Brazilian journal, which highlights the lack of
national articles on this topic.B‘42

The parameters used to elicit P300, including details about
stimulus presentation, are described in =Table 2. Twelve
articles used pure tone stimuli (E1-E12),23732 five articles
used speech stimuli (E13-E17),>°>73% one study used music
stimuli (E20),*° and two articles used both speech and pure
tone stimuli (E18 and E19).4142

The sample size and type of stimuli can influence P300
recordings, specifically the latency and amplitude measures.
Hence, we aimed to demonstrate results regarding these
variables (=Table 3).

Discussion

Variability Among Studies

We verified that the methodologies of the selected articles
were not homogeneous. Their protocols were associated
with different criteria and P300 parameters, according to
the objective of each study, as the test parameters are related
to what is being investigated. Such heterogeneity makes it
difficult to compare the studies and establish a protocol to
assess and monitor CI users.

Most articles (60%) used pure tone stimuli for P300, while
another five (25%) used speech, two (10%) used both speech
and pure tone, and one used music stimuli (~Table 2).534
These varied P300 recording parameters’ have been broadly
discussed in the literature and were observed in this review.
It seems coherent to use speech stimuli to study cortical
auditory potentials in patients who use electronic hearing
systems, including CI users. In this type of intervention, the
objective is to provide auditory input and give the patient
access to speech sounds.

P300 Latency

Among the studies that used pure tone, 6 (E2, E3, E4, E5, E10,
E17)%472839 found prolonged absolute P300 latency in the
cortical potential examination. Nevertheless, absolute laten-
cy may be associated with the time of CI experience, as

observed in some studies that used pure tone and showed
that absolute latency intervals decrease over time (E1, E7,
and E9). 232931

The type of stimulus may also influence the latency
measures, which were found to be prolonged in a study
using both pure tone and speech stimuli (E18).40 Speechis a
more complex stimulus, and it stimulates a different cortical
region from the pure tone stimulus. Authors such as Linden
(2005)*” and Polich (2007)" point out that P300 latency is
related to task complexity and increases with more difficult
discrimination stimuli.

Age has also been pointed out as a possible reason for
increased absolute latency (Henkin, Y. et al., 2014),>8 as well
as the etiology of hearing loss, as identified in E12, which
focuses on meningitis patients. Moreover, higher P300 la-
tencies are found when there are poor speech perception
results.

Despite the heterogeneity, 60% of the studies in this
review (=Table 3) compare CI users with normal-hearing
people, and their data show increased P300 latencies in CI
users (E1, E2, E3, E4, E5, E10, E11, E13, E16, E17, E18, and
E20).23727:32.33.35.38-41 0op the other hand, some of them
found similar P300 latency results between CI users and
normal-hearing individuals, even after a long period of
auditory deprivation (E12, E14, and E15).34.36.37

Authors obtained increased P300 latencies in CI users,
suggesting that such patients make a greater effort to process
auditory information, considering the hearing loss impair-
ments. Furthermore, increased latencies may be due to the
P300 being recorded after the electrode beam is inserted.
Hence, it picks up the sound transmitted to the retrocochlear
hearing system, to the spiral ganglion neurons. Future stud-
ies must consider this, along with the influence of acoustic
stimulus processing within CI systems.25

P300 Amplitude

Amplitude was also a parameter of interest in this review.
There were no P300 amplitude differences between monau-
ral and binaural conditions (E5). However, it was one of the
parameters that resulted in a correlation between pure tone
and speech stimuli, and speech perception test results (E18
and E19).41+4?

Although only one study in this review used this method
(E20),%0 the effect of music stimuli stood out among the
other ones used to elicit P300, with decreased amplitude
and increased latency. Authors point out that music-related
effects in CI users show that they still have a representation
of system regularities even after a long period of
auditory deprivation, despite the auditory input provided
by CI.

In 35% of the studies (E6, E8, E10, E11, E13, E16, and E20)
28,30,32,33,35,38,40 the P300 amplitude values decreased in CI
users. These findings may hypothetically show the influence
of the CI external component, speech processor, and pro-
gramming options on latency increase. The second hypothe-
sis, which does not exclude the first one, is based on each
patient’s intrinsic aspects, which may interfere with these
results - for instance, the listening effort of people with
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hearing loss and cognitive aspects inherent to hearing abili-
ties, especially related to attention and memory.

However, studies whose CI users had good results in
speech perception tests found similar amplitude measure-
ments between the CI users and normal-hearing subjects
(E18 and E19),*14? suggesting these results are related to
better results in speech tests. These data lead us to think that
the auditory pathways in adults with postlingual hearing loss
can remain functional over a long time, and their central
auditory system can be preserved even when conventional
hearing aids do not provide optimal auditory stimulation.

The wide range of normal amplitude and latency thresh-
olds in the literature may influence the results found. Hence,
intra- and intersubject studies must be performed to estab-
lish more specific parameters for the clinical application of
these results.

Relationship Between P300 Results and Cognitive
Skills

Studies in the literature reinforce the association between
hearing loss, cognitive ability, changes monitored with objec-
tive tests, impact of disability, improvement with hearing aids,
and/or rehabilitation with auditory skill training,''~1>48

Fjell and Walhovd (2003)*® identified that P300 latency
can be associated with the subject’s level of cognition. The
reason for this is that P300 latency is directly related to the
speed of the auditory stimuli through the ascending auditory
pathway in the brainstem, and its amplitude is related to the
synchronous firing of many neurons. Those measures may
reflect the cognitive performance, as this potential can be
generated in the hippocampus and frontal lobe areas, as well
as specific and non-specific auditory cortical areas that are
important for cognitive skills.

Hence, the P300 recording indicates the conscious recog-
nition of the rare sound stimuli,''~'> and its latency (which is
generated independently of the time of conscious reaction to
the stimuli) is related to cognitive efficiency.*'> Neverthe-
less, the late occurrence of the latency suggests that it is a
brain process related to the postdecisional evaluation of the
rare stimulus in relation to the series of standard stimuli. In
other words, the subject is aware of the task to be completed
and decides for a specific stimulus, which in turn can be
influenced by the listening effort.

Different Factors that Affect the P300 Parameters in Cl
Users
In the 20 studies we analyzed, the P300 was recorded with
the patient’s device. Some studies reported the need to
control CI interference during the electrophysiological
evaluation.333°

We did not consider CI fitting in the search strategy. Thus,
there were 90% unilateral and 10% bilateral CI (E5 and
E9).27-31 One study compared bimodal with bilateral fittings
(E9).3" The type of fitting may be an important factor in
result analysis, and future studies should consider this
variable.

There seems to be a correlation between the time of Cl use
and P300 latency measures. In E7,%° a longer CI hearing

experience was associated with lower P300 latency. These
cumulative results suggest that it is possible to achieve
central auditory pathway maturation with increased hearing
experience, reaching a maximum level of maturation before
asecond CI. This leads us to reflect on the moment of surgery,
which can influence its outcomes on hearing and speech
skills with the second CI - especially in children with
sequential bilateral C1.*°

The literature agrees that P300 results furnish strong
evidence of complex interactions between speech intelligi-
bility,3’~3° neural processing,>®-38 verbal working memory,
and subjective classifications of hearing effort in CI
users.?>30

Another important factor to consider regarding the use of
P300 testing is the advantage in associating objective tests
(such as electrophysiological ones) with behavioral tests
(such as speech perception ones). It is a novel resource
that helps understand the auditory system and the limita-
tions of neuronal plasticity and its consequences to speech
perception performance. Over the last decade, studies have
been giving greater importance to the need for standardizing
parameters—in this case, the speech stimuli—for auditory
evoked potentials, to draw nearer the real hearing activities,
as demonstrated in studies E13 to E17 (=Table 2, E13-
E17)3539

P300 Clinical Applications

It has been observed that the P300 latency and amplitude
measures are adjusted during the first year of Cl use®®>" with
registered measures being close to those of normal-hearing
people. As the multiprofessional team monitors the patients
and considers the intrasubject results, they can watch for red
flags and make more effective decisions when they identify
that the auditory performance does not correspond to the
sound accessibility made possible by the device.

Other factors have helped the professional team under-
stand the results and make decisions regarding the device
programming, including the stimulus and task used to elicit
the P300. Verbal stimuli help understand the biological
processes involved in speech processing (whether for cogni-
tive, auditory, and/or linguistic reasons), as well as plan and
monitor the post-CI surgery process.

The type of task used in tests may represent a significant
bias. Attention and memory are important for reliable P300
recordings. Attention is registered when the patient notices
the rare stimulus, while memory seems to be related to the
test task (e.g., counting mentally). Most publications in this
review did not specify the type of task—only four (20%) out of
the 20 studies instructed the subjects to mentally count the
rare stimulus (E1, E12,E19, and E20).23'3""4°’42 This is a more
complex task than lifting the finger or pushing a button.

Future Research on the P300 in Cl Patients

According to the results shown here, P300 testing has proved
to be a promising tool to assess and monitor auditory system
functioning. It helps reach a prognosis of the intervention
and, especially, assess the rehabilitation process, supporting
the medical team’s decision-making in terms of planning and
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fine programming adjustments based on results and
comparisons in the first-year of CI usage in postlingual
adults.

When approaching this population to perform the P300, it
is important to consider the CI characteristics, fitting (uni-
lateral, bimodal, or bilateral), and test parameters, such as
the speech stimuli, task type, stimulus intensity, and test
duration.

As for clinical applicability, studies that help standardize
protocols and present less variable latency and amplitude
measurements contribute to both assessing and, especially,
following up the intervention. This would be preferably
associated with neuropsychological assessments, to ground
CI indication and avoid a poor prognosis in the patient’s
auditory perception results.

Final Comments

This review has contributed with evidence that shows the
importance of applying a controlled P300 protocol to diag-
nose and monitor CI users.

Regardless of the stimuli used to elicit P300, we noticed a
pattern in increase of latency levels and decrease of ampli-
tude levels in CI users.

The experience with the CI speech processor over time
and the speech test results seem to be related to P300 latency
and amplitude measurements.
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